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Abstract: In the field of design and analysis of manufacturing systems, models are 
sometimes built with the help of analytical methods. However, the verification of 
these models is often addressed by simulation. To check the performance of a 
manufacturing system, formal methods of design are needed. In this work, the 
selected modelling and verification tool is a high level Petri net. Based on properties 
of the generic concept called the Production Processing System (PPS) and developed 
for modelling and simulation of production resources, this article deals with 
analysing the PPS by high-level Petri nets (HLPN) formalisms. 
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1. INTRODUCTION 
 
In the development life cycle of manufacturing 
systems, the verification of analytical models is often 
addressed via simulation. The modelling is an 
important stage in which some performed tests using 
the model allow us to detect design problems issued 
from incomplete or ambiguous functioning 
specifications. In this framework, the iterative 
application using the model of tests and adjustments 
leads to a more reliable implementation. Moreover, 
for existent systems, the analysis of the model and 
results allow us to detect behavioural problems 
or/and give performance measures. Often, these tests 
and analysis are done by simulation of the system 
model. However, to verify the performance of a 
system and check the correctness of the model, 
formal methods of design are needed. 
Among the existing modelling formalisms, Petri nets 
(PN) provide a powerful framework to model and 
analyse production systems. Indeed, their 
characteristics, graphical presentation and strong 
mathematical basis, are widely adopted as description 
formalism in several sciences and automation 
communities. However, two classical problems arise 
when applying analytical methods such as PN, 
instead of simulation (Delamare et al., 2002). The 
first one is the complexity of the modelling process 
itself, especially when the model becomes more and 
more detailed including different aspects of the 
system. The second one concerns the size of the 
models generated by such complex systems. These 
two kinds of problems can be solved by modelling 
and specifying the system using high level Petri nets 
(HLPN) (Jensen and Rozenberg, 1991). HLPN have 
been introduced as an extension to the original 
formalism allowing to build a compact model of 
systems. Among the various HLPNs, Hierarchical 
Coloured Petri Nets (HCPN), proposed by Jensen 
(Jensen, 1992) is frequently used in modelling and 
control of manufacturing systems (Zimmermann, 
1994; Zimmermann, 1999; Barros et al., 1997). This 
method allows token identities (colours) handling 
symbolic marking and building models in a modular 
way. 
 
 
2. RELATED WORK 
 
Previous work had adopted this formalism in the 
field of manufacturing systems. Mohan et al. (2004) 
used coloured Petri nets for modelling automated 
flexible manufacturing cells. Based on these models, 
deadlocks are resolved in real-time control context. 
  
Perkusich et al. (1999) introduced an approach for 
modelling and analysis of a distributed supervisor for 
flexible manufacturing systems using coloured Petri 
nets. Each cell has its supervisor that is responsible 
for the actions within this cell. These supervisors are 
independent and cooperate in order to guarantee the 
execution of production orders. In this context, 
Makungu et al. (1999) presented an adaptation of a 
supervisory control theory and a supervisory 
synthesis problem to a class of coloured Petri nets. In 
order to reuse coloured Petri nets models, Silva and 
Perkusich (2004) described and applied a systematic 
methodology to the flexible manufacturing systems 
domain. A model of a system can be developed 
reusing parts of previous designs, instead of 
modelling always from the scratch. 
This work addresses the analysis of previous 
developed generic concepts used for modelling and 
simulation of manufacturing systems with the help of 
hierarchical timed coloured Petri nets (HTCPN). 
This paper is organised as follows. Section 3 presents 
the conceptual object for design and simulation of 
production systems, called Production Processing 
System (PPS), its potentials and limits. Section 4 
introduces the HTCPN formalism and the 
correspondence between the PPS and HTCPN. 
Section 5 illustrates the complementarities of the two 
approaches through a simple manufacturing system. 
Some discussion and analysis about structuring of 
colour classes and colour functions are made in 
section 6. Finally, concluding and future work are 
provided in section 7. 
 
 
3. COMPUTER SIMULATION FOR 
MANUFACTURING SYSTEMS 
 
Simulation of manufacturing systems design and 
analysis is widely used as a decision-making tool. In 
this section, we present a conceptual object, 
developed in our laboratory (LISTIC), to model and 
simulate the resources of a production system. 
 
 
3.1 The production processing system. 

The production processing system (PPS) is a generic 
object having all structural and functional 
characteristics of a production resource (Bakalem et 
al., 1995). It presents the following properties: 
 It defines atoms, grouping the natural succeeding 
of the three fundamental operations of a resource 
(receiving, processing and supplying); 
 It synthesises the resource and its behaviour at 
the same time; 
 It is a recursive structure able to develop models 
at different levels of abstraction and hierarchy. 
The first and second properties describe a PPS 
standard behaviour consisting in the three-function 
cycle: receiving, processing and supplying (Fig. 1). 
The third property presents the different states that a 
PPS could have in a given simulation according to 
the level of detail needed in the model (Fig. 2), and 
the hierarchical structure allowing the development 
of models at five different levels (Fig. 3). 
 
 
 
 
 
Fig. 1. Sequence of production according to PPS. 
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Fig. 2. Detailed levels and states of PPS. 
 
 
 
 
 
 
 
 
 
Fig. 3. Hierarchical levels of PPS. 
 
PPS is a recursive object because it is able to model 
the corresponding resource at each level and is in the 
same time a function of lower level PPSs. 
 
 
3.2 Advantages and limits. 
 
The main advantages of modelling and simulation 
using the conceptual object of PPS can be 
summarized in the following three points: 
 The reusability allowed by the generic aspect; 
 The possibility of refinement considering the 
different levels of abstraction; 
 The modular modelling property, leading the 
designer to consider the use of recursive 
structures of PPS.   
In addition, this approach gives an efficient 
modelling and simulation tool, which offers a simple 
model building so that a close relationship may exist 
between the simulation objects and the actual objects.  
However, the simplicity of the modelling step by PPS 
is due to no modelling of some structural and 
behavioural properties, such as absence of deadlocks, 
boundedness, mutual exclusions, conflicts, etc. 
Hence, there is no verification step, which allows 
dynamic properties of a model to be formally proved. 
To overcome these limits and allow us to verify their 
properties, we propose to map PPS to a formal 
model. 
To this end, we use the hierarchical timed coloured 
Petri nets (HTCPN) formalism. This formalism 
models competition and it provides possibilities to 
structure and reduce the size of the specifications. 
Processing 
 
 Entity Su
pp
ly
in
g 
 
Re
ce
iv
in
g 
Su
pp
ly
in
g 
Entity Entity
Re
ce
iv
in
g 
Shop 
Work centre 
Cell  
Work-station  
Resource (machine, stock, etc.) 
Internal flow: 
item 
Internal flow:
assembled 
product 
Internal flow: 
lot or batch  Level 5 
Level 4 
Level 3
Level 2
Level 1
  
4. MODELLING WITH HIGH LEVEL PETRI 
NETS 
 
In this paper, the hierarchical timed coloured Petri 
nets (HTCPN) concept is used. This formalism offer 
advanced modelling facilities like token colours and 
hierarchical refinement of transitions. An HTCPN is 
a set of non-hierarchical nets and each CPN model is 
then called a CPN page. In the following section, 
CPN is informally introduced; detailed formal 
definition may be found in (Jensen, 1992). 
 
Hierarchy is defined by introduction of substitution 
transitions and fusion places. A substitution transition 
is a transition which is refined by another CPN page. 
The page of the substitution transition is called a 
superpage and the page represented by that transition 
is called a subpage. The association between subpage 
and superpage is done by means of sockets and ports. 
Sockets are all the input and output places of the 
transition in the superpage. Ports are the places in the 
subpage associated to the sockets. For simulation and 
reachability graph generation, sockets and ports are 
glued together and the resulting model is a flat CPN 
model. The fusion places are physically different 
places but logically only one place forming a fusion 
set. Therefore, all the places belonging to a fusion set 
have always the same marking. These two additional 
mechanisms, substitution transition and fusion 
places, are only graphical, helping building the CPN 
model. They favour modelling of large and complex 
systems by giving the designer the possibility to 
model by abstraction and composition. Fig. 4 
illustrates the hierarchical aspect of CPN. 
 
 
 
Fig. 4. Hierarchical aspect of CPN. 
 
 
4.1 PPS versus HTCPN. 
 
By considering the main criteria of effectiveness for 
the PPS concept previously defined and the 
possibilities of modelling provided by HTCPN, we 
can make correspondence between PPS and HTCPN 
as described in Fig. 5, which allows to build the 
HTCPN associated to a PPS. 
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Fig. 5. PPS versus HTCPN. 
 
 
4.2 Building the model with HTCPN. 
 
Generally, a manufacturing system must respect the 
following constraints: 
 Material constraints characterizing the elements 
of the process; 
 Constraints related to the production routing of 
each product; 
 Processing times. 
In this case, the model integrates the material 
constraints and represents all that it is possible to 
make in the shop floor independently of the 
production routings. The structure of the model 
would reflect the various possibilities of routing of 
the products within the shop floor. The constraints on 
the resources would be represented by places initially 
marked. Colours would be associated to the different 
products and resources. 
The model of the operating scenario indicates the 
production to be implemented as well as the various 
operating sequences characterizing each type of 
product. An operating scenario can be modelled by a 
sequence of storage a transfer operation and a 
processing sequence. The trajectory can be specified 
by the list of the resources “ri” needed to process a 
given product “pi” constituting the processing 
sequence and the list of handling and transporting 
materials “tri” and storage indicating the sequence of 
transfer. 
 
 
5. AN APPLICATION EXAMPLE 
 
This section deals with a simple manufacturing cell 
composed of: three machines (M1, M2, M3), one 
robot (Rob) and two linear accumulating conveyers 
(CV1, CV2) each one having a capacity of four 
places as shown in Fig. 6. 
 
 
 
 
 
 
 
 
 
Fig. 6. Layout of the manufacturing cell. 
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Fig. 7. Knowledge model according to PPS. 
 
The raw materials and finished products enter and 
leave the system respectively through SE and SF 
stocks. 
 
 
5.1 Modelling and simulation using the PPS 
concept. 
 
An analysis according to the PPS concept consists in 
representing each element of this system (resource) 
by a PPS block and the product by a Moving Entity 
(Fig. 7). 
In this example, the manufacturing cell processes 
three different types of products P1, P2 and P3. This 
is modelled by the Moving Entity concept, which 
represents the production route defining the path on 
resources and processing times (see Table 1). The 
moving entity models the event time that triggers the 
dynamic of the manufacturing system in the context 
of discrete event simulation.  
 
Table 1. Product routings 
 
 SE M1 Rob M2 CV1 CV2 M3 SF
P1 0 6 4 8 --- 4 5 0 
P2 0 8 --- --- 4 --- 10 0 
P3 0 --- --- 10 --- 4 6 0 
  
The production orders for the three kinds of products 
are given in Table 2. It provides lot sizes, dates of the 
first release and order intervals. 
  
Table 2. Production orders 
 
Product Lot size Date of the 1st lot Order interval
P1 1 0 20 
P2 1 0 40 
P3 1 0 20 
 
The manufacturing cell has been modelled and 
simulated with the Apollo platform (Habchi and 
Berchet, 2003), in which the described concepts have 
been implemented. It is a discrete event software 
simulation tool, which provides a user-friendly 
graphical interface for modelling and simulation of 
manufacturing systems (Fig. 7). Depending on the 
level of abstraction (PPS hierarchical levels and 
states) different analysis, approximations and 
simulations can be performed, such as the 
determination of the failure and repair behaviour of 
the resources, which can be deterministic or more 
generally distributed. This results in a adapted 
approximation of the real behaviour, as demonstrated 
by an industrial application carried out in the 
company Alcatel with the help of the Apollo platform 
(Berchet, 2000). 
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Fig. 8. Dates of departure for finished products. 
 
A series of performance indicators is associated to 
each component of the manufacturing model. In our 
example, we consider the departure times of every 
finished product as the main performance measure. 
Fig. 8 presents the departure dates of  200 parts as 
obtained with the help of the Apollo model. 
 
 
5.2 Modelling with HTCPN. 
 
In this section we present the model for the previous 
application of the manufacturing cell. We apply a 
hierarchical modelling approach, thus the resulting 
model is a hierarchical coloured Petri nets. We also 
use the CPN Tools (Ratzer et al., 2003) in order to 
draw the graphical model and perform analysis. 
 
Structure of the model. Fig. 9 shows the main page 
which corresponds to the high level of abstraction of 
the model. Due to lack of space, the page of 
declarations is not shown in this paper. It contains the 
declarations for the colour sets (domains), the 
variables and the functions. So, only the main page 
presented in Fig. 9 is detailed. 
 
In this model, places and transitions have the 
following meaning: 
Places SE and SF model the arrival (reps. the 
departure) of the raw (resp. finished) part stocks of 
the system. Places EM and SM model the input and 
output buffers for the machines. 
Transitions EC and SC model the raw and finished 
stocks of the system. TPM models the transport 
materials (robot and conveyers); Mi model the 
machine i (i=1,2,3). 
 
In the follow, we adopt the notation given in (Barros 
et al., 1997). The entry place for the net (place SE) 
has an initial marking corresponding to the following 
information: q1`(product1, seq_processing1, 
seq_transfert1)+…+ qk`(productk, seq_processingk, 
seq_transfertk), where productk  specifies a 
production order on qk item of productk , and 
seq_processingk, seq_transfertk  specifies the 
  
production route for productk. In the presented 
application, we could have the following initial 
marking: 1`(p1, [m1,m2,m3], [rob,cv2]) that means, 
the system has to produce one item of product P1 
with the processing route given in Table 1. 
 
 
 
Fig. 9. Main page for the model. 
 
Each time the transition modelling the resource fires, 
the head of the list of seq_processingk or 
seq_transfertk is removed, indicating that the 
resource was already used. The finished product is 
indicated by token (colour) in place SF with empty 
lists. 
In order to evaluate the temporal behaviour of the 
HTCPN, we attach timestamp to every token. This 
timestamp indicates the time a token becomes 
available. The enabling time of a transition is the 
maximum timestamp of the tokens to be consumed. 
The difference between the firing time and the 
timestamp of a produced token is the firing delay 
associated to the transition (or to the arc). If at any 
time, more than one transition is enabled, the 
transition with the smallest enabling time fires. If 
several enabled transitions have the same enabling 
time, one of them fires, leading to a non-
deterministic choice. 
 
Model analysis. CPN Tools integrates two modules 
for the analysis of coloured Petri nets: 
 Verification of temporal performance, 
 Reachability graph building to verify 
behavioural properties. 
 
The verification of the model has been performed by 
evaluating the time consumed of tokens (colours) at 
the place SF (Fig. 10). The obtained results have 
been verified by comparing with those corresponding 
of the PPS model. Fig. 11 illustrates the difference 
between the temporal performances (departure dates) 
obtained with PPS and HTCPN models, which 
remain constant between two bounds. The relative 
error (%) compared to the PPS model, shown in Fig. 
12, is due to conflicts that occur in the HTCPN 
model when more than one token are enabled. 
Indeed, in the Apollo model, the parts are always 
released in a predefined order, while the firing order 
of transition is random in the HTCPN model when 
the timestamp of more than one token in the same 
place are identical. This is the case in the place SE, 
which models the inter arrival time between parts in 
the system. This causes some backlog in the HTCPN 
model compared to the PPS model. The analysis of 
the reachability (or occurrence) graph performed by 
the CPN Tools shows that all tasks were performed 
without deadlocks in all possible execution 
sequences. The practical applicability of the 
occurrence graph method is however hampered by 
severe drawback, the well-known state explosion 
problem. A brief discussion about the reduction of 
the state space will be done in the next section. 
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Fig. 10. Dates of token departure at place SF. 
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Fig. 11. Difference of temporal performance in both 
models. 
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Fig. 12. Relative error between departure dates in 
both models. 
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6. DISCUSSION 
 
Managing the inherent complexity of the state space 
analysis is a major challenge of research. Several 
clever approaches have been proposed. Most of them 
are based on the notion of symmetry, which appears 
when a system is composed of similar components. 
In the context of the well-formed coloured nets, 
which have narrow syntactical restrictions on arc 
expressions, guards, and initial markings, a symbolic 
reachability graph, in which symmetric markings are 
automatically lumped into one node, leads to a 
reduced graph (Chiola et al., 1997). Stochastic Well-
formed coloured nets (SWN) is the coloured version 
of Well Formed nets. The purpose of creating a 
model in this class is not only to study logical 
behaviour, but also to study performance issues 
(Delamare et al., 2002). Also, based on the symmetry 
of the model, Jensen (1996) developed a technique to 
construct reduced graph without losing information 
by means of a permutation of the markings. A 
number of other methods are described in (Jorgensen, 
1997). 
 
 
7. CONCLUSION 
 
In this paper, based on the main criteria of 
efficiencies of the PPS concept, we showed that high-
level Petri nets can be used for modelling and 
analysis of production systems. Moreover, high-level 
Petri nets can be used at many levels of abstraction. 
We used the hierarchical timed coloured Petri nets in 
our study. To guide modelling of production systems, 
we also indicated how to structure complex 
production systems. This model has been analysed 
with the help of CPN Tools. The result of the 
analysis has been successfully compared with 
performances obtained by simulation with the PPS 
model using the Apollo platform. This study shows 
that analysing the PPS concept with high-level Petri 
nets, we are able to respect the various criteria of 
effectiveness brought by the PPS concept and to add 
a verification step to the model. 
Future work concerns the development of a control 
methodology, which integrates intelligent control in 
the simulation model (Berchet, 2000). 
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